Rotavirus infection is the single most important cause of severe dehydrating diarrhea in infants and young children, causing approximately 600,000 deaths every year (20) . Rotaviruses are icosahedral viruses with a segmented doublestranded RNA genome that infect villous-tip epithelial cells of the proximal small intestine (31) . Rotavirus replication is fully cytoplasmic and occurs within highly specialized regions called viroplasms (32, 33) . Viroplasms are punctate perinuclear structures that are sites of rotavirus protein assembly, RNA packaging, and replication (13, 14, 25, 26, 30, 46) . Viroplasm formation is a characteristic of several members of the Reoviridae family, including rotaviruses, reoviruses, orbiviruses, and phytoreoviruses (8, 19, 32, 33, 39) . The mechanism(s) of viroplasm formation is an area of intense research, and each member of the Reoviridae family contains a primary protein that directs viroplasm formation (7, 28, 39, 43, 47) .
Recent studies have revealed a critical role for the rotavirus nonstructural protein NSP5 in the formation of viroplasms and rotavirus replication (11, 25, 26, 28, 37, 46) . Inhibiting NSP5 expression using RNA interference results in defective viroplasm formation, reduced viral RNA synthesis, and decreased rotavirus titers (11, 26) . NSP5 is encoded by gene segment 11 and has a predicted molecular mass of 21 kDa (2, 5, 6, 48) . NSP5 is reportedly O-glycosylated, and basal 26-and 28-kDa isoforms (21) are phosphorylated to 32-to 35-kDa hyperphosphorylated isoforms (2, 6) . Hyperphosphorylation of NSP5 occurs in the absence of coexpressed NSP2 or N-terminal epitope tags when cellular phosphatases are inhibited (5, 6, 10, 28, 34, 37) . This indicates that NSP5 itself is constitutively phosphorylated by cellular kinases and dephosphorylated by cellular phosphatases. The rotavirus NSP2 protein interacts with the N terminus of NSP5, permitting the hyperphosphorylation of NSP5, NSP5 insolubility, and its localization into punctate viroplasm-like structures (VLS) (1, 3, 16-18, 25, 28, 42) . Similarly, the addition of N-terminal epitope tags to NSP5 appears to mimic the effect of NSP2 binding by directing NSP5 hyperphosphorylation, insolubility, and VLS formation in the absence of NSP2 coexpression (10, 28, 37) . Several important NSP5 functions also are reportedly directed by the NSP5 C-terminal domain (1, 3, 10, 15, 17, 18, 28, 37, 42) . The NSP5 C terminus directs dimer formation (15, 28, 42) , NSP5 binding to the NSP6 protein (42) , and the increased insolubility of NSP5 (10, 37) . Recently, we and others have demonstrated that fusing the C-terminal 68 residues of NSP5 to the green fluorescent protein (GFP) C terminus is sufficient to direct the formation of VLS within cells (28, 37) . The ability of N-terminally tagged NSP5 proteins to intrinsically form viroplasms and undergo hyperphosphorylation permits the study of functional determinants of viroplasm formation that are embedded within NSP5.
In this study, we have further examined functional elements within the NSP5 C terminus that direct VLS formation and protein insolubility. Our results demonstrate that residues within a predicted helical domain at the C terminus of NSP5 are critical for VLS formation. The insolubility of expressed N-tagged NSP5 is directly correlated with VLS formation by chimeric GFP-NSP5 proteins. Our studies further demonstrate that two upstream DxDxD motifs upstream and adjacent to the NSP5 C-terminal helix form a calcium switch that regulates NSP5 assembly into VLS. Mutagenesis of either DxDxD motif results in the constitutive formation of VLS by GFP-NSP5-C68 and abolishes the ability of calcium to regulate VLS formation. These studies provide a basic understanding of the mechanism of NSP5-directed VLS formation and define specific residues within the NSP5 C terminus that direct and regulate VLS formation.
MATERIALS AND METHODS
Cell culture, virus, and reagents. African green monkey kidney-derived COS-7 cells were maintained in Dulbecco's modified Eagle's medium (DMEM) (Sigma) containing 10% fetal bovine serum (Sigma) and antibiotic-antimycotic solution (final concentration of 100 U penicillin per ml, 100 g streptomycin per ml, and 250 ng amphotericin B per ml; Sigma). Calyculin A was purchased from Calbiochem and was used at the indicated concentration. Antibodies used for Western blotting were mouse monoclonal anti-N-HisG antibody (Invitrogen), anti-␤-actin (clone AC-15; Sigma), and anti-mouse horseradish peroxidase conjugate (Amersham). NP-40 and sodium dodecyl sulfate (SDS) were purchased from Sigma.
Cloning and mutagenesis. The rhesus rotavirus (RRV) NSP5 open reading frame was cloned into pcDNA3.1 in frame and downstream of an N-terminal 6ϫ His-Gly tag as previously described (37) . C-terminal truncations of NSP5 were obtained by inserting stop codons into reverse primers and performing PCR with a common forward primer (37) . Site-directed mutagenesis was used to introduce single-amino-acid mutations in the NSP5 C terminus using the QuickChange site-directed mutagenesis kit (Stratagene) per the manufacturer's protocol. All clones were verified by automated fluorescent sequencing using Big Dye terminator chemistry (Perkin Elmer).
Transfection and protein expression. Transfections were carried out using 50% confluent COS-7 cells grown in 6-well plates 18 to 24 h after being seeded using FuGene6 (Roche) as directed by the company. Cells were lysed 48 h posttransfection in NP-40 lysis buffer (40 mM Tris-HCl, pH 8, 150 mM NaCl, 2 mM EDTA, 10% glycerol, 1% NP-40, 1ϫ protease inhibitor cocktail; Sigma) on ice for 20 min, followed by centrifugation at 18,000 ϫ g for 30 min to separate soluble and pellet fractions. Following collection of the soluble fraction, insoluble pellet fractions were resuspended in an equal volume of NP-40 lysis buffer, and each fraction was mixed with an equal volume of 2ϫ Laemmli sample buffer (4% SDS, 20% glycerol, 100 mM Tris-HCl, pH 6.8, 0.002% bromophenol blue, 10% 2-mercaptoethanol) to solubilize NSP5 prior to analysis by SDS-15% polyacrylamide gel electrophoresis. Proteins were transferred to nitrocellulose membranes and were immunoblotted using the indicated antibodies as described earlier (37) . The amount of NSP5 present in equivalent volumes of soluble and pellet fractions was quantified using ImageJ software. As an internal control, blots were reprobed for levels of ␤-actin in soluble and pellet fractions. The ratio of soluble NSP5 to pellet NSP5 (designated the S/P ratio) was obtained after normalization to actin levels.
Calyculin A and calcium switch. Cells were transfected with 1.5 g of plasmid DNA, and 48 h later medium was replaced with fresh medium containing 200 nM calyculin A for 30 min before lysis and immunoblot analysis as described above. For the calcium switch experiments, cells were transfected as described above, and 18 to 24 h later they were subjected to calcium starvation for 24 h by replacing normal DMEM with low-calcium medium (DMEM containing 2 mM EGTA) as previously described (22, 23) . Cells were visualized using an Olympus X51 inverted fluorescence microscope and were photographed using an Olympus DP-71 charge-coupled device camera. A calcium switch was induced by replacing low-calcium medium with DMEM containing 10 mM Ca 2ϩ (DMEM supplemented with CaCl 2 ), and cellular fluorescence was monitored in real time by time-lapse photography for the times indicated. Images were analyzed using Adobe Photoshop mask and overlay functions. Fluorescence microscopy of GFP chimeras was similarly recorded at 48 h posttransfection.
RESULTS
Insolubility and hyperphosphorylation are dependent on the N-NSP5 C terminus. We have previously shown that Nterminally tagged NSP5 (N-NSP5) is present in detergentinsoluble fractions and is hyperphosphorylated in the absence of other rotavirus proteins (10, 37) . In order to define functional determinants of NSP5 insolubility and hyperphosphorylation, we generated a C-terminal truncation of N-terminally tagged NSP5 lacking 30 C-terminal residues (NSP5-⌬C30). Identical amounts of wild-type or truncated NSP5 expression plasmids were transfected into COS-7 cells. Cells were lysed in buffer containing 1% NP-40, and soluble and insoluble cellular fractions were separated by centrifugation at 18,000 ϫ g for 30 min. Western blot analysis of equivalent amounts of pellets and supernatants indicated that wild-type NSP5 is present predominantly in the insoluble fraction (Fig. 1A) . In contrast, C-terminal truncation of NSP5 resulted in a protein that was present primarily in soluble cellular fractions (Fig. 1A) . Thus, deletion of 30 residues from the NSP5 C terminus converts primarily insoluble NSP5 into a soluble protein.
It has been reported that NSP5 is constitutively dephosphorylated by cellular phosphatases, since calyculin A inhibition of phosphatase activity enhances the appearance of hyperphosphorylated isoforms (5, 6, 34, 37) . We observed that NSP5-⌬C30 lacks slower-migrating isoforms representing NSP5 hy- , and this could result from either the lack of protein phosphorylation or enhanced dephosphorylation. To address this, we expressed NSP5-⌬C30 in the presence of the phosphatase inhibitor calyculin A. In contrast to accumulation with the wild type, Fig. 1B shows that there is no significant accumulation of basal NSP5-⌬C30 within slowermigrating hyperphosphorylated isoforms in the presence of calyculin A, and as a result the NSP5-⌬C30 isoform observed does not result from phosphatase-directed dephosphorylation. Taken together, these findings suggest that the C-terminal 30 residues of NSP5 are critical for both its insolubility and hyperphosphorylation. The NSP5 C terminus contains a predicted ␣-helix. Secondary-structure analysis of the C-terminal 30 residues of NSP5 reveals the presence of a right-handed ␣-helix between residues 178 and 198 ( Fig. 2A) . Using a helical wheel program (Pepwheel; available online at http://bioweb.pasteur.fr/docs /EMBOSS/pepwheel.html), 10 out of 13 hydrophobic residues are present on a single face of the predicted C-terminal ␣-helix. Thus, the helical domain within the NSP5 C terminus is amphipathic and can be divided into two halves, with hydrophilic and hydrophobic faces (faces 1 and 2 in Fig. 2B ). The asymmetrical distribution of hydrophobic residues also is apparent by using a fold comparison program (Phyre version 1), which similarly predicted an ␣-helical three-dimensional structure of the NSP5 C terminus (Fig. 2C) . Alignment of the C-terminal NSP5 residues from different rotavirus strains (n ϭ 43) revealed a high level of amino acid conservation within the predicted helix (94% similarity), further suggesting the functional importance of the C-terminal ␣-helix of NSP5.
Proline-scanning mutagenesis of the predicted C-terminal NSP5 ␣-helix. In order to address the function of the predicted ␣-helix within the NSP5 C terminus, proline was systematically introduced at 12 positions in both faces of the predicted NSP5 ␣-helix, and the presence of NSP5 mutants in soluble and insoluble fractions was determined. Helix mutants of His 6 -NSP5 were expressed in COS-7 cells, and after separation of soluble and insoluble fractions, equivalent amounts of each fraction were analyzed for NSP5 and ␤-actin by Western blotting (Fig. 3 ). S/P ratios were calculated by quantitating protein expression using NIH Image. Wild-type His 6 -NSP5 was predominantly insoluble, with an S/P ratio of 0.3. An alanine-tomethionine mutation at position 191 of NSP5 (A191M) had little effect on NSP5 insolubility and resulted in an S/P ratio of 0.6. In contrast, introducing proline residues at positions 183, 190, 191, 192, 193, 194, and 195 resulted in an ϳ5-to 33-fold increase in the S/P ratio of the NSP5 mutants, with the bulk of the expressed NSP5 protein present in the soluble fraction (Fig. 3) . Proline substitutions at residues 179, 182, 185, 189, and 196 either did not alter NSP5 solubility compared to that of the wild type or increased the S/P ratio to less than threefold over that of the wild type. Interestingly, all proline substitutions within the hydrophobic face of the predicted ␣-helix dramatically enhanced NSP5 solubility. Mutation of two upstream, highly conserved cysteine residues (C166A and C169A) had no effect on NSP5 solubility (data not shown). The S/P ratio of the internal control, ␤-actin, consistently ranged from 0.6 to 0.9 for all samples. Normalizing S/P ratios of NSP5 to actin ratios further supports the enhanced solubility of mutants with proline residue substitutions within the hydrophobic face (face 2) of the NSP5 C-terminal ␣-helix (Fig. 3B) . These findings suggest that the hydrophobic face of the helix is critical for NSP5 insolubility.
Proline substitutions within the C-terminal ␣-helix alter NSP5 hyperphosphorylation. NSP5 synthesized during rotavirus infection or as a result of expressing N-or C-terminally tagged NSP5 are both phosphorylated by cellular kinases and are dephosphorylated by cellular phosphatases, and the sum of these two opposing processes regulates the appearance of hyperphosphorylated NSP5 isoforms (5, 6, 34, 37) . We have previously demonstrated that basal forms of soluble NSP5 are hyperphosphorylated following phosphatase inhibition by a potent phosphatase inhibitor, calyculin A (37). In order to determine the role of the C-terminal ␣-helical domain on NSP5 hyperphosphorylation, we evaluated hyperphosphorylated isoforms of His 6 -NSP5 helix mutants in the presence and absence of calyculin A. COS-7 cells were transfected with equal amounts of plasmids expressing N-NSP5 or its mutants, and cells were treated with calyculin A. Cell lysates were prepared in 2% SDS, which solubilizes even highly insoluble NSP5 isoforms and permits the collective analysis of total cellular NSP5 (37) . NSP5 present in equivalent amounts of cell lysates from cells treated with calyculin A or left untreated was analyzed by Western blotting (Fig. 4) . Calyculin A treatment results in an increase in the amount of NSP5 present in hyperphosphorylated isoforms following expression of wild-type NSP5 protein or K179P, A182P, M185P, Q189P, and E196P mutant NSP5 proteins (Fig. 4A) . A more dramatic effect of calyculin A-directed phosphatase inhibition was observed in NSP5 mutants with prolines substituted at positions 183, 190, 191, 192, 193, 194, and 195 . In these mutants, there is little hyperphosphorylation of the protein in the absence of the phosphatase inhibitor; however, following calyculin A inhibition of cellular phosphatases, hyperphosphorylated isoforms are apparent but their levels are dramatically reduced compared to those of wild-type NSP5 (Fig. 4) , and most of the protein was in basal forms. Proline introduction at L194 and I195 resulted in a minimal accumulation of hyperphosphorylated NSP5 isoforms (less than 5% of total NSP5). These results indicate that disrupting the predicted ␣-helical domain in the N-NSP5 C terminus profoundly affects protein hyperphosphorylation. Mutations in the ␣-helix that increase NSP5 solubility inhibit the formation of VLS. Recently, the C-terminal 68 residues of NSP5 were shown to form VLS when expressed in cells lacking other rotavirus proteins (28, 37) and to significantly increase the insolubility of GFP (37) . These findings suggested that this region is the minimal determinant of VLS formation and correlated VLS formation with the insolubility of NSP5. In this study, we tested the relationship between NSP5 insolubility and VLS formation by using proline mutations that either disrupt N-NSP5 insolubility (A191P, M192P, and L194P) or that lack any significant effect on N-NSP5 insolubility (A182P, M185P, and Q189P). Cells were transfected with equal amounts of plasmids expressing GFP-C68 wild-type or mutant proteins, and GFP was visualized 48 h later by fluorescence microscopy (Fig. 5A) . Wild-type GFP-NSP5 chimeras formed punctate VLS within cells, as did chimeras with proline substitutions at positions 182, 185, and 189, and each of these NSP5 mutants is present predominantly in insoluble fractions, with S/P ratios of Ͻ0.8 (Fig. 3) . In contrast, GFP-NSP5-C68 mutants containing A191P, M192P, and L194P substitutions were devoid of VLS within cells. Consistent with this finding, mutations at these positions within full-length N-NSP5 resulted in predominantly soluble proteins with S/P ratios Ն5-fold higher than those for wild-type NSP5 (Fig. 3B) . A control mutation in which A191 was mutated to another hydrophobic residue, methionine, also displayed normal punctate VLS (Fig.  5B ) and S/P ratios similar to those of the wild type (Fig. 3) . These results support correlations between the insolubility of N-NSP5 and its localization into cellular VLS.
VLS formation by GFP-NSP5-C68 constructs is regulated by a calcium switch. During our analysis, we noted that DxDxD sequences, similar to those found in calcium binding proteins (35) , are present just upstream of the C-terminal ␣-helix (residues 153 to 170). In order to examine whether NSP5-directed VLS formation is calcium regulated, we monitored the localization of GFP-NSP5-C68 following calcium addition by fluorescence microscopy. We expressed GFP-NSP5-C68 and then starved the cells of calcium for 24 h. Under these conditions, GFP-NSP5-C68 displayed a largely diffuse localization with a small number of punctate regions within individual cells (Fig.  6A) . Exposure of cells to medium supplemented with calcium resulted in the rapid redistribution of GFP-NSP5-C68 within 2 to 12 min after calcium addition, and virtually all the detect- able protein was found in punctate VLS 12 min after the calcium switch (Fig. 6A) . A time course of GFP-NSP5-C68 fluorescence is shown in Fig. 6B and clearly demonstrates the appearance of VLS over time within the same cells. A small number of punctate structures, observed in the absence of calcium, may be the result of the inability of calcium removal to completely disassemble preformed VLS. Although indirect effects arising from the calcium switch cannot be ruled out at this stage, these findings suggest that VLS formation directed by the NSP5 C terminus is likely regulated by calcium. Calcium-dependent VLS formation is affected by changes in DxDxD motifs and the C-terminal ␣-helix. Two potential calcium-coordinating domains upstream of the C-terminal ␣-helix could be responsible for the observed calcium switch in NSP5-directed VLS formation (12, 24, 35, 45, (49) (50) (51) . Here, we examined whether mutations in the potential calcium binding motifs and ␣-helical domains alter VLS formation and the calcium switch. Cells were transfected with the GFP-NSP5-C68 constructs with mutation A191P, M192P, or L194P, and a calcium switch was introduced 48 h posttransfection and 24 h after calcium starvation (Fig. 7) . The diffuse localization of GFP-NSP5-C68 mutants A191P, M192P, and L194P was not altered by a calcium switch and is consistent with the inability of these NSP5 mutants to form VLS (Fig. 5) . In contrast, in the absence of calcium the GFP-NSP5-C68 mutants A182P, M185P, Q189P, and A191M were primarily diffusely dispersed in the cytoplasm but responded to calcium addition by displaying a VLS pattern similar to that of wild-type GFP-NSP5-C68.
We further mutated all aspartic acid residues, within each of the two potential calcium-coordinating DxDxD motifs, to ala- nines singly in the GFP-NSP5-C68 protein (residues 153 to 157, DXM1; residues 163 to 170, DXM2) (Fig. 8A ) and expressed the mutants in COS-7 cells (Fig. 8B) . Unlike wild-type GFP-NSP5-C68, we observed that, following calcium starvation, neither of the DX mutants displayed a diffuse localization (Fig. 8) . In contrast, we observed intense punctate VLS in both GFP-NSP5-C68 DXM1 and DXM2, even in the presence of EGTA for 24 h (Fig. 8A) . After switching to a high-calcium medium, there was no increase in DXM1 or DXM2 VLS formation. These findings indicate that the absence of either DxDxD motif results in the constitutive formation of VLS in the presence or absence of calcium. This suggests that the presence of two tandem DxDxD motifs upstream of the NSP5 C-terminal ␣-helical domain is required for the regulation, but not formation, of VLS.
DISCUSSION
Rotavirus replication and assembly occurs within punctate cytoplasmic structures called viroplasms (13, 14, 25, 26, 30, 46) . Several studies indicate that VLS are formed by the coexpression of two rotavirus nonstructural proteins, NSP5 and NSP2 (16) (17) (18) 30) . More recently, it was reported that VLS formation results from the expression of only NSP5 containing an Nterminal epitope tag and that VLS formation maps to the C-terminal 68 residues of NSP5 (28, 37) . NSP5 is essential for viroplasm formation, since small interfering RNAs, which FIG. 7 . Effect of helix disruption on the calcium-switch-mediated VLS formation by GFP-NSP5-C68. (A) Wild-type GFP-NSP5-C68 and mutants A182P, M185P, M192P, and L194P were subjected to a calcium switch as described in the legend to Fig. 6. (B) GFP-NSP5-C68 A191 was mutated to either Met or Pro, and the ability of mutants to respond to a calcium switch was visualized by fluorescence microscopy. block NSP5 expression, inhibit viroplasm formation within rotavirus-infected cells (11, 26) . The nature of viroplasms, as nonmembranous structures within infected cells or following NSP5 expression, suggests that viroplasms result from the assembly of insoluble cytoplasmic complexes. Recent studies demonstrate that untagged NSP5 is insoluble when complexed with NSP2 and suggest an association of NSP5-NSP2 complexes with highly insoluble cytoskeletal proteins (3, 9) . VLS formation following expression of only N-tagged NSP5 is coincident with the presence of NSP5 within SDS (0.1%)-insoluble fractions, and both insolubility and VLS formation map to the C-terminal 68 residues of NSP5 (37) . Studies presented here define elements within the NSP5 C-terminal 68 residues that direct and regulate NSP5 insolubility and VLS assembly.
During infection or following NSP5 expression, NSP5 also is hyperphosphorylated, although a functional role for NSP5 phosphorylation has yet to be defined (1, 2, 5, 6, 13, 15, 17, 28, 34, 37, 42, 48) . Soluble NSP5 is reportedly not hyperphosphorylated and is present primarily in basal 26-and 28-kDa isoforms (1, 2, (15) (16) (17) (18) . However, the addition of phosphatase inhibitors results in the hyperphosphorylation of soluble NSP5, indicating that soluble NSP5 is phosphorylated and concomitantly dephosphorylated by a cellular phosphatase (5, 6, 28, 34, 37) . In contrast, insoluble NSP5 is present primarily in hyperphosphorylated isoforms, suggesting either that the insoluble NSP5 is a better substrate for phosphorylation or that it is less susceptible to cellular phosphatase regulation than soluble NSP5 (10, 37) . Similar to the requirement for NSP5 insolubility, our findings demonstrate that the C terminus of NSP5 is required for NSP5 hyperphosphorylation. Deletion of the last 30 residues from N-NSP5 resulted in a loss of NSP5 insolubility and hyperphosphorylation, and this is consistent with C-terminal residue requirements for the hyperphosphorylation of untagged NSP5 (1, 15, 17, 42) . Thus, NSP5 insolubility, VLS formation, and hyperphosphorylation all depend on the presence of an intact NSP5 C terminus.
The NSP5 C terminus is highly conserved among group A rotaviruses, and in analyzing this domain we found that the NSP5 of all rotaviruses examined contained a predicted righthanded ␣-helix spanning 21 residues. The predicted helix is amphipathic in nature, with most hydrophobic residues occupying a single helical face (Fig. 2) . To address whether the predicted ␣-helix is a functional entity within the NSP5 C terminus, we used a systematic proline-scanning mutagenesis approach to alter both hydrophobic and hydrophilic faces, and we determined whether these changes altered NSP5 insolubility. We found that proline substitutions at 7 out of 12 positions in the helical region blocked NSP5 insolubility. Proline substitutions that did not alter NSP5 insolubility (changing residues 179, 182, 185, 189, and 196) were invariably found to occur within the hydrophilic face of the predicted ␣-helix (Fig. 3) . Consistent with these findings, studies on naturally occurring amphipathic helical domains have revealed that prolines are tolerated and often occur within the hydrophilic helical face of ␣-helical domains, but they almost never occur within hydrophobic helical faces (29) . Reported explanations for this indicate that residues on the hydrophilic face of the helix form compensatory hydrogen bonds with solvent molecules and that hydrophobic face residues are not capable of these interactions (29, 36) . Although studies on the physical structure of the NSP5 C terminus are needed, it is not easy to obtain structural data on insoluble domains. Findings presented here demonstrate the functional presence of an amphipathic ␣-helix at the NSP5 C terminus.
We previously reported that NSP5 insolubility and hyperphosphorylation were discrete properties, since the appearance of hyperphosphorylated NSP5 isoforms is regulated by cellular phosphatases (37) . As a result, the hyperphosphorylation of C-terminal NSP5 proline mutants was evaluated in the presence or absence of the phosphatase inhibitor calyculin A. Our data indicate that proline substitution for hydrophobic face residues prevents the efficient accumulation of NSP5 into hyperphosphorylated isoforms. In contrast, proline substitutions were mostly tolerated within the hydrophilic face (at positions K179, A182, M185, Q189, and E196) of the C-terminal ␣-helix, since these mutations still resulted in the substantial accumulation of NSP5 into higher isoforms following phosphatase inhibition. Interestingly, we noted that NSP5 mutants resulting in predominantly soluble NSP5 (L183P, V190P, A191P, and M192P) still were hyperphosphorylated following phosphatase inhibition. These results substantiate previous findings that NSP5 insolubility is not required for hyperphosphorylation (37) and also demonstrate that disruption of the C-terminal ␣-helix reduces the level of NSP5 phosphorylation.
The C-terminal 68 residues of NSP5 direct GFP to both insoluble cellular fractions (37) and VLS (28, 37) , correlating NSP5's insolubility with VLS formation. Since mutations in the NSP5 C terminus altered NSP5 insolubility, we analyzed the effect of these ␣-helical domain mutations on VLS formation within GFP-NSP5-C68 fusion proteins. Mutations in the NSP5 C-terminal ␣-helix, which result in soluble NSP5, completely abrogated VLS formation by GFP-NSP5-C68 (A191P, M192P, and L194P) (Fig. 5) . In contrast, the neutral substitution of methionine for alanine at residue 191 did not alter VLS formation by GFP-NSP5-C68 (Fig. 5A) , indicating that insertion of a proline residue rather than sequence specificity altered VLS formation. Although an ␣-helix at the NSP5 C terminus needs to be demonstrated biophysically, these findings functionally demonstrate that VLS formation is dependent on residues within the NSP5 C-terminal ␣-helical domain.
Analysis of the NSP5 protein revealed the presence of pseudo-EF-hand calcium binding motifs, tandem DxDxD sequences (35, 52) , adjacent and just upstream of the C-terminal ␣-helical domain (Fig. 8A) . EF-hand motifs direct calcium binding by cellular proteins, often occur upstream of predicted ␣-helices, and are associated with regulating large conformational changes in helical domain function in a cooperative manner (12, 24, 35, 38, 44, 45, 49, 51, 52) . Interestingly, we found that starving cells of calcium for 24 h resulted in GFP-NSP5-C68 that was diffusely distributed in the cytoplasm. However, following calcium addition, GFP-NSP5-C68 rapidly formed VLS (Fig. 6 ), suggesting that a calcium switch regulates NSP5-directed VLS formation. Disrupting either of the two DxDxD sequences in GFP-NSP5-C68 by mutagenesis resulted in NSP5 that was constitutively present in punctate VLS and no longer responsive to calcium starvation or addition. Thus, VLS formation was not dependent on the presence of two pseudo-EFhand motifs, but the regulation of VLS formation by a calcium switch required both DxDxD motifs upstream of the NSP5 ␣-helical domain.
Interestingly, the rotavirus NSP4 protein recently was reported to form vesicular structures in cells following a calcium switch, and NSP4 reportedly is associated with viroplasmic NSP5 (4). Since NSP4 expression reportedly mobilizes intracellular calcium (4, 40, 41) , NSP4 may serve as a viroplasm assembly trigger that directs NSP5 to form viroplasms during viral infection. Additionally, reovirus and bluetongue virus members of the Reoviridae family contain a similar motif adjacent to a helical domain at the C termini of NS and NS2 proteins, respectively, and NS has been suggested to have a zinc-coordinating function (7, 27) . This suggests the potential for conserved divalent cation regulatory functions of viroplasm forming proteins within the Reoviridae, although the coordinate regulation of VLS formation during viral infection requires further study.
NSP5 is required for VLS formation during rotavirus infection, and as a result, NSP5 plays a critical role in rotavirus replication and assembly (30) . In this report, we have defined two domains within the C-terminal 68 residues of NSP5 that regulate VLS formation. One domain defines a calcium-sensitive switch that regulates VLS formation, while the hydrophobic face of a second C-terminal ␣-helical domain appears to be essential for NSP5 insolubility and VLS formation. These findings suggest the need for studies on the role of calcium in VLS formation and suggest that the NSP5 C-terminal domain may be a target for the design and analysis of inhibitors of VLS formation that impact rotavirus assembly and replication.
